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Interferon regulatory factors (IRFs) are a family of transcription factors involved in regulation of cell growth and
immunological responses. Nine IRFs have been described and they are expressed in a variety of cells, except for ICSBP and
LSIRF/Pip, which are thought to be expressed exclusively in immune cells. Here, we show that IRF-1, IRF-2, ICSBP, and
LSIRF/Pip are constitutively expressed in the mouse lens. These IRFs are present in both the cytoplasm and the nuclei of
lens cells. However, the nuclear and cytoplasmic proteins exhibit distinct mobilities on SDS/PAGE. We further show that
in the developing mouse lens, IRF-1 and IRF-2 are expressed at high levels in differentiated lens fiber cells with very low and
barely detectable levels in undifferentiated lens epithelial cells. Although the level of ICSBP expression is very low in the
normal mouse lens, in transgenic mice with constitutive expression of interferon g in the lens, its level is markedly elevated
nd ICSBP expression is detected exclusively in the nuclei of undifferentiated lens cells. Taken together, our data suggest
hat expression of IRF transcription factors is spatially regulated in the lens and that distinct IRFs may contribute to
ifferential gene regulation in the epithelial and fiber compartments of the vertebrate lens.
Key Words: IFNg; ICSBP; LSIRF/Pip; IRF-1; IRF-2; STAT1; lens differentiation.
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Interferons (IFNs) are multifunctional cytokines induced
in almost all vertebrate cells in response to infection or
immunological stimuli. There are two main types: Type 1
IFN comprises leukocyte (IFNa) and fibroblast (IFNb) IFNs
hile Type 2 or immune IFN is IFNg (Vilcek and Sen,
1996). Although the two types of IFNs differ in the cell
surface receptors they bind to and their physiological in-
ducers, their biological activities are mediated through
activation of the JAK/STAT signaling pathway (Schindler
and Darnell, 1995). Interaction of IFNs with their receptors
leads to activation of protein tyrosine kinases, JAK1, JAK2,
or Tyk2, which in turn phosphorylate and activate mem-
bers of a family of latent cytoplasmic transcription factors
1 To whom correspondence should be addressed at the Labora-
tory of Immunology, National Eye Institute, National Institutes ofs
(
Health, 10/10N116, 10 Center Drive MCS 1858, Bethesda, MD
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44alled STATs (signal transducers and activators of tran-
cription) (Darnell, 1997). Phosphorylated STATs form
omo- or heterodimers that translocate to the nucleus
here they bind to well-defined DNA sequences called
AS (gamma IFN activation site) or ISREs (IFN-stimulated
esponse elements) and activate transcription of genes cod-
ng for members of the interferon regulatory factors (IRFs)
amily of transcription factors (Decker et al., 1997; Boehm
t al., 1997).
IRFs interact with ISRE motifs in the promoters of
FN-regulatable genes and they mediate transcriptional
ctivation or repression of these genes. Ten members of the
RF family have been identified and they include ICSBP,
SGF3g/p48, IRF-1, IRF-2, IRF-3, IRF-4/LSIRF/Pip/ICSAT,
RF-5, IRF-6, IRF-7, and vIRF (Nguyen et al., 1997). IRFs
iffer in the range of cell types they are normally expressed
n, their physiological inducers, and the biological processes
hey affect (Nguyen et al., 1997). With the recent demon-
tration of a virally encoded homologue of cellular IRFs
Moore et al., 1996), it is likely that more IRFs will be
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45Differential Expression of IRFs in the Lensidentified and previously described members would be
found to possess new functions.
IRF-1 and IRF-2 are the best characterized members of
this family and were initially identified as regulators of the
IFN system (Miyamoto et al., 1988; Harada et al., 1989).
They have subsequently been shown to be key factors in the
regulation of cell growth through their effects on the cell
cycle (Taniguchi et al., 1995; Vaughan et al., 1997). IRF-1 is
thought to function in a manner analogous to the tumor
suppressor p53, activating a set of genes whose products are
required for negative regulation of cell growth. On the other
hand, IRF-2, which shares significant sequence similarity to
IRF-1 within the DNA binding domain, represses IRF1-
regulatable genes (Taniguchi, 1997). In contrast to IRF-1 and
IRF-2 that are expressed in a variety of cell types, two IRF
members, ICSBP (interferon consensus sequence binding
protein) (Driggers et al., 1990) and LSIRF/Pip (lymphoid-
specific IRF or Pu.1 interaction partner) (Eisenbeis et al.,
1995; Matsuyama et al., 1995; Yamagata et al., 1996) are
thought to be expressed exclusively in cells of macrophage
and lymphocyte lineages. Constitutive expression of ICSBP
is thought to be limited to B lymphocytes (Driggers et al.,
1990; Politis et al., 1994; Nelson et al., 1996). However,
transcription of the ICSBP gene can be induced in T cells
and macrophages by either IFNg or antigenic stimulation
Politis et al., 1994; Nelson et al., 1996). LSIRF/Pip expres-
ion is thought to be restricted to cells of the T and B
ymphocyte lineages. Mice with a null mutation for the
CSBP or LSIRF/Pip gene develop myelogenous leukemia-
ike syndrome (Holtschke et al., 1996) or developmental
efects in lymphocyte maturation (Mittrucker et al., 1997),
espectively. Taken together, these observations have pro-
ided support for the notion that LSIRF/Pip and ICSBP are
ymphoid-specific IRFs.
We have previously reported the generation of transgenic
ice with targeted ectopic expression of IFNg in the lens
nder the direction of the aA-crystallin promoter (Egwuagu
et al., 1994a,b). In these mice, eye development is inhibited
and the developmental fate of cells destined to become lens
fiber cells is altered. In the present study, we show that
abnormal lens differentiation observed in the IFNg trans-
enic mice may derive in part from perturbations in the
evels of IRF factors in the lens. We also show for the first
ime that ICSBP, LSIRF/Pip, IRF-1, and IRF-2 are constitu-
ively expressed in the normal mouse lens and that expres-
ion of these IRFs is spatially regulated in the developing
ouse lens.
MATERIALS AND METHODS
Animals
FVB/N and BALB/c wild-type (WT) and the generation of the
IFNg transgenic (TR) mice have previously been described
(Egwuagu et al., 1994a). All animal procedures conformed to
institutional guidelines and the Association for Research in Vision
Copyright © 1999 by Academic Press. All rightand Ophthalmology Resolution on the Use of Animals in Re-
search.
Cell Culture and IFNg Treatment
The murine lens epithelial cell line, aTN4-1 (Yamada et al.,
1990), kindly provided by Dr. Paul Russell (NEI, NIH, Bethesda,
MD), was grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, 2 mM glutamine, penicillin
(100 U/ml), and streptomycin (100 mg/ml). The CRLE 2 and 1AMLE
6 mouse epithelial cell lines (Sax et al., 1995), kind gifts from Dr.
Christina M. Sax (NEI, NIH, Bethesda, MD), were propagated in
minimum essential medium supplemented with 5% rabbit serum,
5% fetal bovine serum, 2 mM glutamine, penicillin (100 U/ml) and
streptomycin (100 mg/ml). The cells were treated with murine
recombinant IFNg (Life Technologies, Gaithersburg, MD) at a
concentration of 100 U/ml for 2 h at 37°C, 5% CO2. Some cells
were treated with medium containing the protein synthesis inhib-
itor, cycloheximide (CHX) (Sigma, St. Louis, MO) at 35 mg/ml for
30 min followed by addition of IFNg and incubation for 2 h.
Reverse-Transcribed Polymerase Chain Reaction
(RT-PCR)
Total RNA was isolated from 6-week-old WT or TR mouse lenses
or from lens cell lines by a modification of the phenol–guanidine
isothiocyanate single-step method (Chomczynski and Sacchi, 1987) as
described for the TRIzol Reagent (Life Technologies). Lenses were
carefully dissected and washed before RNA isolation to avoid any
possible contamination by other tissues. All RNA samples were
digested with RNase-free DNase 1 (Life Technologies) for 30 min and
purified by phenol–chloroform extraction and precipitation in 0.4 M
LiCl. cDNA synthesis was performed at 42°C for 1 h with 10 mg of
total RNA, 0.3 mg oligo(dT)(12-16) and 1000 U Superscript Reverse
ranscriptase II (Life Technologies) in a final volume of 50 ml. For each
NA preparation, a negative control reaction was performed without
everse transcriptase. After purification of the cDNA by LiCl precipi-
ation, hot-start PCR assays were performed with AmpliTaq Gold
NA polymerase (Perkin–Elmer, Foster City, CA). Samples were
ncubated at 95°C for 10 min to activate the AmpliTaq Gold and
mplification was carried out for 25 cycles at 94°C for 45 s, 63°C for
5 s, and 72°C for 1 min. This was followed by a final 10-min
xtension at 72°C. All the primer pairs used for PCR amplifications
panned at least one intron, making it possible to distinguish between
mplification products derived from cDNA and those resulting from
ny contaminating genomic DNA templates. The sequences of the
CR primers used are for mouse b-actin, 59-GTGGGCC-
CTCTAGGCACCAA-39 and 59-TCGTTGCCAATAGT-
ATGACTTGGC-39 (Alonso et al., 1986); for mouse G3PDH,
59-TGAAGGTCGGTGTGAACGGATTTGGC-3 9 and 5 9-
ATGTAGGCCATGAGGTCCACCAC-39 (Sabath et al., 1990); for
ouse IRF-1, 59-TGAGACCCTGGCTAGAGATGC-39 and 59-
CTCAGAGAGACTGCTGCTGACGAC-39 (Pine et al., 1990); for
ouse IRF-2, 59-AGCATCAACCAGGAATAGATAAAC-39 and 59-
TAGGTGTTCCGTGTCCCCAT-39 (Harada et al., 1989); for mouse
CSBP, 59-GCTGCGGCAGTGGCTGATCGAACAGATCG-39 and
9-AGTGGCAGGCC TGCACTGGGCTGCTG-39 (Driggers et al.,
990). For Southern blot analysis, the amplified fragments were
lectrophoresed in agarose gels, transferred onto Hybond N1 nylon
membrane (Amersham, Arlington Heights, IL), and probed with
fluorescein–dUTP 39-end-labeled oligonucleotide probe, internal to
the corresponding PCR primers. Probe labeling and signal detection
s of reproduction in any form reserved.
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46 Li et al.were performed with the ECL 39-oligolabeling and detection system
Amersham).
Northern Blot Analysis
Total RNA (30 mg) was fractionated on a 0.8% agarose-
ormaldehyde gel, transferred to Hybond N1 membrane (Amer-
sham), and hybridized for 12 h at 65°C in hybridization solution
containing 5 3 106 cpm/ml probe as described (Ausubel et al.,
995). IRF-1, IRF-2, ICSBP, or b-actin-specific cDNA fragments
ere labeled to high specific activity (.108 cpm/mg) with
[a-32P]dCTP by random priming (oligolabeling kit; Pharmacia Bio-
tech, Piscataway, NJ) and used as hybridization probes. After two
high-stringency washes in 0.13 SSC, 0.1% SDS at 65°C, signals
were detected by autoradiography at 270°C with Kodak X-Omat
AR film and Cronex intensifying screens.
Western Blot and Immunoprecipitation Analysis
Six-week-old mouse lenses (derived from WT BALB/c and IFNg
BALB/c transgenic litter mates) or cultured lens cells were dis-
rupted in 50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1% Nonidet-
P40, 0.5% sodium deoxycholate, 2 mM leupeptin, 2 mM pepstatin,
0.1 mM aprotinin, 1 mM AEBSF, 0.5 mM phenylmethylsulfonyl
fluoride, and 1 mM E-64 on ice. Extracts were clarified by centrif-
ugation and protein levels determined by Coomassie blue-dye
binding method as recommended for Coomassie Plus Protein Assay
Reagent kit (Pierce, Rockford, IL). For immunoprecipitation, WT (5
mg protein) or IFNg transgenic (0.5 mg protein) mouse lens extract
as incubated with protein G agarose (Pharmacia) and anti-STAT1
ntibody for 1 h at 4°C and immunoprecipitates were washed four
imes in lysis buffer. For analysis of the lens epithelial cell lines,
ells were cultured for 2 h in medium or medium containing 100
/ml IFNg. The cells were lysed and fractionated to cytosolic and
uclear fractions as previously described (Politis et al., 1994). All
amples were heated for 10 min at 95°C in 13 sample buffer and
lectrophoresed in 10% SDS/PAGE. Gels were electroblotted onto
olyvinylidene fluoride membranes, blocked with 5% nonfat milk,
nd probed with one of the following antibodies: IRF-1 (M-20),
RF-2 (C-19), ICSBP (C-19), ICSAT (M-17) (also designated LSIRF/
ip), or Stat1a p91 (C-111) from Santa Cruz Biotech (Santa Cruz,
A). Rabbit polyclonal anti-mouse ICSBP from Zymed Laborato-
ies, Inc. (San Francisco, CA). were also utilized. Mouse aA-
rystallin-specific antibody was kindly provided by Sam Zigler
NEI/NIH). Preimmune serum was also used in parallel as controls.
ignals were detected with anti-rabbit-, anti-mouse-, or anti-goat
orseradish peroxidase conjugated-secondary antibodies using the
CL system (Amersham).
Immunohistochemistry
Seventeen (E17)- or sixteen (E16)-day mouse embryos were fixed
in 4% paraformaldehyde and embedded in Ameraffin tissue em-
bedding medium (Baxter). Tissue sections (5 mm) were deparaf-
finized in xylene, rehydrated through a graded alcohol series, and
used for immunostaining by the avidin–biotin–peroxidase complex
method (Vectastain Elite ABC kit PK-6105; Vector Laboratories,
Burlingame, CA.). After preincubation for 30 min with 2% block-
ing serum, sections were incubated for 2 h at room temperature
with antibodies (2 mg/ml) specific to mouse ICSBP, IRF-1, or IRF-2
Santa Cruz). Sections were subsequently incubated with biotinyl-
ted secondary antibody for 30 min at room temperature and signal
v
e
Copyright © 1999 by Academic Press. All rightas visualized with diaminobenzidine–H2O2 as recommended
(Vector). In all our immunolocalization experiments, three serial
sections were fixed onto the same glass slide; one section served as
a negative control and was incubated with normal preimmune
serum, another section received the primary antibody, and the
third section received the primary antibody and 10-fold excess of a
neutralizing peptide specific to immunogenic epitopes of the
relevant IRF protein. More than three independent experiments
were performed for each antibody. The experimental sections
showed identical antibody-staining patterns while the negative
control section consistently showed no immunological reactivity.
The section containing 10-fold excess of the peptide consistently
showed no significant immunoreactivity. The neutralizing effects
of the blocking peptides were found to be concentration-dependent.
Electrophoretic Mobility Shift Assay (EMSA)
Lens nuclear extracts were prepared either from 1- to 3-day-old
WT CD-1 mouse lenses or from cultured lens epithelial cells as
previously described (Schreiber et al., 1989). Buffer used for nuclear
protein extraction contained the following protease inhibitors: 2
mM leupeptin, 2 mM pepstatin, 0.1 mM aprotinin, 1 mM AEBSF, 0.5
M phenylmethylsulfonyl fluoride, 1 mM E-64. Protein concentra-
tion was determined by the Coomassie blue dye-binding method as
recommended for Coomassie Plus Protein Assay Reagent kit
(Pierce) and extracts were stored at 270°C until use. Nuclear
extract (10 mg) in binding buffer (20 mM Hepes, pH 7.9, 50 mM KCl,
10% glycerol, 0.5 mM dithiothreitol, 0.1 mM EDTA) containing
0.14 mg/ml poly(dI–dC) was incubated on ice for 10 min. 32P-59-end-
labeled double-stranded DNA probe (50,000 cpm) was then added
and incubated for an additional 20 min on ice. Samples were
electrophoresed in 4% polyacrylamide gel in 0.53 Tris–borate–
EDTA buffer. For competition experiments, the nuclear extract
was preincubated with unlabeled probe and poly(dI–dC) for 20 min
on ice prior to the addition of labeled probe. The sequences used for
the double-stranded probes or competitors are ICSBP pIRE/GAS,
59-AGTGATTTCTCGGAAAGAGAGCGCTT C-39 (2175 to
2149); ICSBP-IRE 1, 59-GTAAAGAGAGAAAAGGACTC-39 (2217
to 2198) (Kanno et al., 1993); and ISRE, GATCGATCCTCGG-
GAAAGGGAAACCGAAACTGAAGCC (Decker et al., 1997). For
supershift assays, the indicated antibody was added to the binding
buffer containing the nuclear extract and preincubated on ice for 10
min. The 32P-labeled probe was then added and the entire mixture
ncubated for an additional 20 min on ice before electrophoresis.
el-shift-grade anti-mouse ICSBP, IRF-1, or IRF-2 (Santa Cruz) and
TAT1a polyclonal antibodies (Upstate Biotechnology, Inc., Lake
lacid, NY) were used.
RESULTS
Effect of IFNg Transgene on Lens Development
We previously generated TR rats and mice with targeted
expression of IFNg in the lens to study the role of ectopic
expression of IFNg in enhanced susceptibility to organ-
pecific autoimmunity (Egwuagu et al., 1999, 1994a). The
isruption of the lens differentiation program and the
evere microphthalmia manifested by these rodents
Egwuagu et al., 1994b) provided the opportunity to study in
ivo the molecular mechanisms underlying the regulatory
ffects of IFNg on the growth and differentiation of normal
s of reproduction in any form reserved.
47Differential Expression of IRFs in the LensFIG. 1. Histological sections through E16 BALB/c WT (A, C, and E) and IFNg transgenic (B, D, and F) mouse eyes. Whole eye (A and B),
lens (C and D), anterior lens region (E and F). f, lens fiber compartment; arrow points to lens anterior epithelia; asterisks indicates lens bow;
e, equatorial region; c, cornea; r, retina; v, vitreous; ON, optic nerve. (Hematoxylin and eosin; original magnifications A and B, 3100; C and
D, 3200; E and F, 3400.)
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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48 Li et al.epithelial tissues (Saunders et al., 1996). The vertebrate lens
comprises of epithelial cells at varying stages of differentia-
tion (Piatigorsky, 1981; McAvoy, 1981). The anterior sur-
face is covered by a monolayer of undifferentiated cuboidal
epithelial cells and the remainder of the lens is populated by
differentiating or terminally differentiated lens fiber cells.
Growth of the normal mouse lens (Figs. 1A and 1C) occurs
by proliferation of anterior epithelial cells and their progres-
sive displacement posteriorly toward the lens equator. Cells
at the equatorial zone stop dividing and initiate a differen-
tiation program that culminates in the terminally differen-
tiated lens fibers. In the IFNg TR mouse, lens differentia-
ion is perturbed during embryonic development (Figs. 1B
nd 1D). The anterior epithelial cells extend beyond the
quatorial plate to the posterior pole, failing to form a
ell-defined lens bow characteristic of normal lens differ-
ntiation. Unlike the WT mouse lens with a monolayer of
nterior epithelial cells (Fig. 1E), the anterior epithelia of
he TR lens is thicker and appears multilayered (Fig. 1F). In
he adult TR mouse, the lens is disorganized and terminally
ifferentiated denucleated fiber cells are replaced by nucle-
ted gigantic balloon-like cells (Egwuagu et al., 1994a,b).
Constitutive and Inducible Expression of IRF
Factors in the Mouse Lens
IFNg is a potent inducer of squamous differentiation in
ormal human epidermal keratinocytes and its effects are
xerted through control of regulatory and differentiation-
pecific genes (Saunders and Jetten, 1994). As transcrip-
ional regulation by IFNg is mediated by activated STAT1
nd IRFs, and some IRFs have been shown to be important
ell cycle regulators, we addressed the possibility that the
erturbation of the physiological levels of STAT1 and IRFs
n the developing mouse lens may underlie the abnormal
ens differentiation in the IFNg TR mice. We therefore
examined the levels of IRFs and STAT1 expression in WT
and TR mouse lenses. RT-PCR and Western blot analyses of
lenses from 6-week-old BALB/c WT and TR mouse litter-
mates are shown in Fig. 2. As indicated by immunoprecipi-
tation and Western blotting using anti-STAT1a antibody
(Fig. 2A), STAT1 is present in the lens and its level is
markedly increased in the TR compared to the WT lens,
providing direct evidence that lens cells are responsive to
IFNg signaling. This is the first documented evidence of the
expression of a STAT protein in the normal lens. However,
it should be emphasized that the level of STAT1 is very low
and can be detected only by immunoprecipitation. RT-PCR
analysis of RNAs from these mice show that ICSBP and
IRF-2 genes are constitutively expressed in the mouse lens
(Fig. 2B). Although IRF-1 transcripts are not detectable in
the WT lens after 25 cycles of PCR amplification, they are
detectable after 35 cycles of amplification (data not shown),
indicating that their levels are relatively low in the normal
mouse lens. In the IFNg TR mouse lens, the levels of IRF-1
nd ICSBP transcripts are significantly increased. The en-
anced transcription of IRF-1 and ICSBP genes, two IRF
l
t
Copyright © 1999 by Academic Press. All rightenes that contain GAS elements in their promoters, is
onsistent with their activation by STAT1 in the IFNg TR
lens. These results have been confirmed by RT-PCR analy-
ses of at least six independent RNA preparations and the
authenticity of the lens IRF transcripts has been verified by
cDNA sequencing; the IRF-1, IRF-2, and ICSBP transcripts
isolated from the lens were found to be identical to pub-
lished sequences reported for the corresponding IRFs in
mouse hematopoietic cells.
Detection of ICSBP transcripts in the WT lens was
unexpected because transcription of the ICSBP gene is
thought to be restricted to hematopoietic cells (Boehm et
al., 1997; Driggers et al., 1990; Holtschke et al., 1996). It
was therefore necessary to establish that the ICSBP protein,
as well as other IRF proteins, is expressed in the lens.
Indeed, ICSBP and IRF-2 proteins are constitutively synthe-
sized in the normal mouse lens as indicated by Western
blotting of lens extracts (Fig. 2C). We also analyzed the
lenses of another mouse strain to rule out the possibility
that expression of ICSBP in the lens is an epiphenomenon
seen only in the BALB/c mouse strain. As shown on the
Western blot (Fig. 2D), the ICSBP protein is also present in
the FVB/N mouse lens. To our surprise we also detected
LSIRF/Pip protein in the FVB/N (Fig. 2D) and BALB/c (data
not shown) mouse lenses. LSIRF/Pip is another member of
the IRF family thought to be exclusively expressed in
hematopoietic cells (Matsuyama et al., 1995). This is the
first time that expression of ICSBP or LSIRF/Pip has been
demonstrated in a tissue that is not directly involved in
regulating immune responses.
Expression of IRF Transcription Factors Is
Spatially Regulated in the Lens
As proliferating and differentiated cells are spatially seg-
regated in the lens, we examined whether expression of
IRF-1, IRF-2, and ICSBP is spatially regulated in the lens.
Results of immunolocalization of IRF-1 and IRF-2 in E17
mouse eye sections are shown in Fig. 3. Both IRF-1 and
IRF-2 proteins are predominantly detected in the lens fiber
cell compartment. However, very little expression of either
protein is detectable in the anterior epithelia. Interestingly,
the IRF-2 protein appears to be exclusively expressed in the
cytoplasm as the lens cell nuclei are not stained by the
antibodies (see arrows in Fig. 3f). On the other hand, the
IRF-1 protein is present in both the cytoplasm and the
nuclei of the fiber cells. However, not all of the cells show
nuclear staining, particularly some of the more superficial
nuclei (Fig. 3b).
In the WT lens, the level of ICSBP is very low and barely
detectable. However, the IFNg TR mice with upregulated
xpression of ICSBP mRNA (Fig. 2B) and protein (Fig. 2C)
llowed for delineation of ICSBP-expressing lens cells. Re-
ults of ICSBP immunolocalization in E16 TR mouse eyes
re shown in Fig. 4. As shown in Figs. 4B and 4C, ICSBP
ocalizes to the nuclei of cells at the anterior epithelia, at
he lens equator, and at the posterior pole. In situ hybrid-
s of reproduction in any form reserved.
m
i
r
e
d
i
t
W
b
i
a
s
I
d by
49Differential Expression of IRFs in the Lensization analysis of embryonic eye sections from IFNg TR
ice showed a similar pattern of ICSBP mRNA localization
n the lens (data not shown). Similar immunolocalization
esults of IRF-1, IRF-2, or ICSBP have been obtained using
ye sections of mice at days 16 through 20 of embryonic
evelopment (data not shown).
Lens Epithelial Cells Are Able to Receive and
Transduce IFNg Signals
To rule out the possibility that the IRF mRNA transcripts
or proteins detected in the mouse lens derived from con-
taminating lymphoid cells, it is important to reproduce our
findings in lens cells in culture. Consequently, we have also
analyzed three well-characterized lens epithelial cell lines
(see Materials and Methods) to confirm that IRFs are
constitutively and inducibly expressed in lens cells.
aTN4-1, CRLE 2, and 1AMLE 6 lens cells were treated with
mouse IFNg either in the presence or in the absence of
CHX. RNA was isolated from the various treatment groups
and used for Northern analyses. In each of the cell lines,
two ICSBP mRNAs of 3.0 and 1.7 kb and a single IRF-2
transcript of 2.4 kb are detected (Fig. 5A). The sizes of these
transcripts are similar to the ones reported for these genes
in mouse hematopoietic cells (Driggers et al., 1990; Kanno
et al., 1993). Although IRF-1 transcripts are not detectable
in the untreated cells in the Northern blot shown here, they
are detectable after longer exposure of the autoradiogram
(data not shown). Detection of these transcripts in unstimu-
lated lens cells confirms that these IRF transcription factors
FIG. 2. STAT1a, ICSBP, IRF-2, and LSIRF/Pip are constitutively
lenses were used to prepare whole lens extracts or poly(A) RNAs. (
from 6-week-old WT (5 mg protein) or TR (0.5 mg protein) mouse lit
for details). (B) RT-PCR and Southern blot analyses for expression o
fragments are ICSBP, 627 bp; IRF-1, 563 bp; IRF-2, 626 bp; G3PDH
protein/lane) or IFNg TR (50 mg protein/lane) mouse litter-mates
IRF-2, or aA-crystallin. (D) ICSBP or LSIRF/Pip protein was detecte
6-week-old WT FVB/N mouse lens.are constitutively expressed in lens cells. Furthermore, the
levels of IRF-1 and ICSBP transcripts are significantly
Copyright © 1999 by Academic Press. All rightncreased in cells treated with IFNg, indicating that these
genes are transcriptionally activated by IFNg. The low
abundance of the IRF-1 transcript could be attributed to its
relatively short half-life (,30 min) (Taniguchi et al., 1995).
This issue was examined by treatment of cells with IFNg in
he presence of the protein synthesis inhibitor CHX.
hereas lens ICSBP and IRF-2 mRNAs levels are unaffected
y CHX, the level of IRF-1 transcripts is significantly
ncreased, indicating that lens IRF-1 mRNA is short-lived
nd suggesting that it is rapidly degraded by de novo
ynthesized nucleases that are concomitantly induced by
FNg (Kalvakolanu and Borden, 1996). Similar effects of
CHX on the stability of IRF-1 mRNA have previously been
reported (Pine et al., 1990) It is important to note that the
aTN4-1 line is a transformed cell line as the cells express
SV40 T antigen (Yamada et al., 1990). However, we ob-
tained similar results with two nontransformed lens epithe-
lial cell lines (CRLE 2 and 1AMLE6) (Sax et al., 1995),
suggesting that these results are generally applicable to lens
epithelial cells.
To further confirm that IRF-1, IRF-2, ICSBP, and LSIRF/
Pip proteins are indeed synthesized in lens cells, lens cells
that were cultured for 2 h in the presence or absence of IFNg
were fractionated into cytoplasmic and nuclear fractions
and analyzed by Western blotting. As indicated in Fig. 5B,
each of these proteins is detected in both the cytoplasm and
the nucleus of the lens cells. However, the cytoplasmic and
nuclear forms exhibit distinct mobilities in SDS/PAGE.
Cytoplasmic IRF-1 exhibits a higher mobility compared to
ssed in mouse lens. Six-week-old BALB/c WT or IFNg TR mouse
AT1 was immunoprecipitated from whole lens extracts prepared
ates using anti-mouse STAT1 antibody (see Materials and Methods
BP, IRF-1, IRF-2, or G3PDH mRNAs. Sizes of the amplified DNA
bp. (C) Whole lens extracts from 6-week-old BALB/c WT (100 mg
immunoblotted with antibodies specific for mouse ICSBP, IRF-1,
Western blotting of whole-cell extracts (100 mg protein/lane) fromexpre
A) ST
term
f ICS
, 983
wereits nuclear counterparts. On the other hand, the reverse is
true for ICSBP and IRF-2 with the nuclear proteins migrat-
s of reproduction in any form reserved.
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51Differential Expression of IRFs in the Lensing with higher mobilities. For LSIRF/Pip an additional
faster migrating band is detected in the cytoplasm.
Constitutive and IFNg-Inducible Lens Nuclear
Factors Bind to ISRE and GAS
The experimental results described thus far clearly show
that STAT1, IRF-1, IRF-2, LSIRF/Pip, and ICSBP are consti-
tutively expressed in the lens and that the steady-state
levels of STAT1, IRF-1, and ICSBP are higher in IFNg TR
ouse lens. However, it was important to demonstrate that
he IRF proteins in the nuclei of lens cells are able to
nteract with DNA regulatory elements. We therefore
ested by EMSA whether endogenous lens nuclear factors
re able to bind the ISRE, an element specifically recognized
y IRFs (Nguyen et al., 1997). Analysis performed using
uclear extracts derived from WT mouse lens is shown in
ig. 6. Two prominent DNA/protein complexes (labeled a
nd b) are formed with the ISRE probe (Fig. 6, lane 2) and
ormation of the complexes is competed by the unlabeled
robe (lane 3), indicating that the interaction is specific. As
ndicated by the supershift assay shown in Fig. 6 (lanes 5–7),
RF-1 antibodies were able to supershift the ISRE–protein
omplex to a lower mobility band denoted by an asterisk
compare lane 5 with 6 in Fig. 6). Antibodies specific to
RF-2 or ICSBP did not affect the complexes (data not
hown).
Transcriptional activation of the ICSBP or IRF-1 gene is
ediated by the binding of activated STAT1 homodimers
n the nucleus to conserved cis regulatory palindromic GAS
lements present in their promoters. To further demon-
trate that transcription of the “lymphoid-specific” ICSBP
FIG. 4. Immunohistochemical localization of ICSBP in the dev
ncubated with affinity-purified anti-mouse ICSBP antibody. Con
xcess of an ICSBP-specific neutralizing peptide as described under
ections show ICSBP immunostaining of the whole lens (B) and len
AB stain. f, lens fiber compartment; asterisk, lens anterior epithel
agnification.ene is activated in lens cells in response to IFNg-signaling,
we analyzed nuclear extracts derived from aTN4-1 cells
I
q
Copyright © 1999 by Academic Press. All rightcultured in the presence or absence of IFNg for specific
inding of lens nuclear factors to a palindromic GAS
lement (pIRE/GAS) present in the ICSBP gene at position
147 to 2175 (Kanno et al., 1993). EMSA using the double-
tranded pIRE/GAS oligonucleotide probe detected a re-
arded band only after treatment with IFNg, suggesting that
the DNA-binding activity is an IFNg-inducible factor (data
not shown). Transcriptional activation of the ICSBP gene in
these cells was also found to be mediated by STAT1 but not
by the other members of the STAT family (data not shown).
DISCUSSION
Transcriptional responses to IFNg requires STAT1 to
ransduce the extracellular signal to the nucleus while
ubsequent activation or repression of IFNg-regulatable
genes is mediated by the IRFs (Darnell, 1997). The IRF
family comprises transcriptional activators (IRF-1 and
ISGF3g), transcriptional repressors (IRF-2 and ICSBP), and
ther members (LSIRF/Pip, IRF-3, IRF-5, IRF-7, vIRF) whose
unctions are less well understood (Boehm et al., 1997;
guyen et al., 1997). Although these proteins were initially
dentified and characterized in lymphoid cells, they are
uspected to have functions that extend beyond their well-
ecognized effects on immunological responses. The results
f this study provide the first demonstration that IRF
embers such as IRF-1, IRF-2, ICSBP, and LSIRF/Pip, as
ell as STAT1, are constitutively expressed in embryonic
nd adult mouse lenses. Expression of these transcription
actors in the lens is unequivocally demonstrated at the
NA and protein levels and the authenticity of the lens
ing IFNg TR mouse lens. Embryonic day 16 eye sections were
ection (A) was incubated with the primary antibody and 10-fold
erials and Methods. The anterior of the lens is oriented to the top.
atorial region (C). Cells expressing ICSBP are stained brown by the
equatorial region of the lens. A and B, 2003, and C, 6003, originalelop
trol s
Mat
s equCSBP, IRF-1, or IRF-2 has been confirmed by cDNA se-
uencing.
s of reproduction in any form reserved.
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52 Li et al.One of the most surprising findings in this study is the
constitutive expression and differential regulation of ICSBP
and LSIRF/Pip in the mouse lens. The data presented here
further suggest that the expression of the ICSBP gene in the
lens may be under regulation by endogenous lens nuclear
factors that constitutively bind cis regulatory DNA ele-
ents present in the mouse ICSBP promoter and that
ranscriptional activation of the ICSBP gene in lens cells is
ediated by STAT1. Whereas the ICSBP gene is upregu-
ated in the mouse lens by IFNg, expression of LSIRF/Pip is
ot induced in lens cells by this cytokine, suggesting that
FIG. 5. IRFs are constitutively and inducibly expressed in cul-
tured lens epithelial cells. (A) Members of the IRF gene family are
transcriptionally activated by IFNg in lens cells. aTN4-1, CRLE 2,
nd 1AMLE 6 lens epithelial cell lines were cultured with (lanes 2,
, and 8) or without (lanes 1, 4, and 7) IFNg or with IFNg and CHX
lanes 3, 6, and 9). Northern blot analysis using RNA (30 mg/lane)
as performed and hybridization was with 32P-labeled IRF-1, IRF-2,
CSBP, or b-actin cDNA probes as described under Materials and
ethods. Sizes of the respective transcripts are indicated with an
rrow on the right. (B) IRF-1, IRF-2, ICSBP, and LSIRF/Pip are
etected in the cytoplasm and nuclei of lens cells. Nuclear (Nuc)
nd cytoplasmic (Cyt) fractions were prepared from aTN4-1 cells
2) or aTN4-1 cells treated with IFNg for 2 h (1). Western blot
analysis was performed with IRF-1-, IRF-2-, ICSBP-, or LSIRF-
specific antibodies as described under Materials and Methods.he LSIRF/Pip gene may not be activatable by STAT1 in the
ens. As part of the immunologically privileged environ-
a
a
Copyright © 1999 by Academic Press. All rightent of the eye, the avascular adult lens has no interactions
ith the immune system and thus would not be expected to
ome in contact with immunological effector molecules.
hat then is the functional relevance in the lens of ICSBP
nd LSIRF/Pip, transcription factors that have previously
een detected only in hematopoietic cells and whose func-
ions are thought to be restricted to the ontogenesis and
egulation of immune responses in macrophages and lym-
hocytes? Interestingly, another immunological effector
olecule, macrophage migration inhibitory factor (MIF), is
lso expressed in the lens (Wistow et al., 1993). It has been
uggested that MIF may function during embryonic lens
evelopment in regulating hyalocytes, macrophage-like
ells that reside in the vitreous chamber and that are
mplicated in the timely removal of embryonic vasculature
nd remodeling of embryonic tissues into adult tissue (Lang
nd Bishop, 1993). Whether ICSBP and/or LSIRF/Pip con-
ributes to the regulation of these cells remains to be
stablished.
IRF-1 and IRF-2 have recently been linked to growth
ontrol as a result of their tumor suppressor and oncogenic
ctivities, respectively (Taniguchi, 1997; Vaughan et al.,
997). These two factors are highly homologous to one
nother, particularly in their amino-terminal DNA-binding
omain, and have similar binding affinities to ISRE ele-
ents located in the promoters of IFN-regulated genes
FIG. 6. Lens nuclear factors interact with ISRE element. Lens
nuclear extracts were prepared from newborn CD-1 mouse lenses
and EMSA analysis was performed using the ISRE probe (lanes 1–7)
as described under Materials and Methods. For the competition
assays 100-fold excess of the unlabeled ISRE probe (lane 3) was
incubated with the nuclear extract and labeled ISRE probe. DNA/
protein complexes (a and b) are indicated by arrows on the left. For
supershift analysis, nuclear extracts were incubated with 32P-
abeled ISRE probe in the absence (lane 5) or the presence of IRF-1
ntibodies (lanes 6 and 7). Supershifted bands are indicated by
sterisk (*) on the left.
s of reproduction in any form reserved.
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53Differential Expression of IRFs in the Lens(Miyamoto et al., 1988; Harada et al., 1989). Both IRF-1 and
IRF-2 are expressed at low constitutive levels in many cell
types. In the embryonic mouse lens, the level of IRF-1 in
proliferating cells of the lens epithelia compartment is very
low. In contrast, IRF-1 levels are relatively higher in the
fiber compartment that contains differentiating and termi-
nally differentiated lens cells. This result is consistent with
observed increase in IRF-1 levels in other differentiated cell
types (Harada et al., 1990). However, similar to other
roteins that are preferentially expressed by fiber cells (e.g.,
he major intrinsic protein of the lens (MIP) and
g-crystallins), IRF-1 mRNA levels decrease significantly
after birth. This may account for the very low level of IRF-1
mRNA in 6-week-old mouse lenses compared to the levels
in embryonic lenses. IRF-2 is also expressed in the embry-
onic mouse lens and its spatial distribution is similar to
that of IRF-1. However, the level of IRF-2 is significantly
higher than that of IRF-1 in the lens as indicated by our
Northern and Western blot analyses. In contrast to IRF-1,
IRF-2 appears to localize to the cytoplasm of lens cells in
the embryonic mouse lens.
We found IRF-1, IRF-2, ICSBP, and LSIRF/Pip to be
present in cytosolic and nuclear fractions of cultured lens
cells. However, the IRF proteins present in the nucleus
exhibit electrophoretic mobilities in SDS/PAGE that are
distinct from their counterparts in the cytoplasm. These
changes are possibly due to posttranslational modifications;
thus nuclear localization of IRF-1 may be associated with
phosphorylation while nuclear localization of ICSBP or
IRF-2 may derive from dephosphorylation events. These
predictions remain to be verified. To our knowledge, this is
the first study of subcellular localization of IRFs. The
presence of IRFs in the nucleus and cytoplasm suggests the
possibility that IRFs may have distinct functions in these
subcellular compartments. Thus, nuclear ICSBP, IRF-1,
IRF-2, and LSIRF/Pip may function as transcription factors,
while their cytoplasmic counterparts may function to se-
quester other regulatory proteins in the cytoplasm through
protein–protein interactions (Drew et al., 1995a,b). On the
ther hand, interactions of IRFs with other proteins in the
ytoplasm may also serve to regulate their transport to the
ucleus. Further studies are therefore needed to elucidate
he functions of IRFs in the cytoplasm and the regulatory
echanisms that control their translocation to the nucleus.
t is important to note that selective localization to either
he cytoplasm or the nucleus has also been observed for
ther lens proteins. For example, the cyclin-dependent
inase 5 (cdk5), a protein associated with elongation and
enucleation of differentiating fiber cells, is present in the
ytoplasm of epithelial and fiber cells of the rat lens (Gao et
l., 1997). However, in the final stages of lens differentia-
ion, immediately prior to denucleation, the cdk5 protein
ocalizes to the nuclei of fiber cells (Gao et al., 1997). Cyclin
2 has also been shown to localize to the cytoplasm in the
pithelia and in the nuclei of primary fibers of the chicken
ens (Gao et al., 1995). Differential localization of lens
proteins to distinct subcellular compartments may there-
i
J
Copyright © 1999 by Academic Press. All rightfore be an important regulatory mechanism by which
specific biochemical pathways are temporally and spatially
segregated in the lens.
The anatomical segregation of undifferentiated, differen-
tiating, and terminally differentiated cells in the vertebrate
lens suggests that differentiation-specific genes are differ-
entially activated or repressed in different compartments of
the lens. Characterization of regulatory elements in the
promoters of lens-specific genes have led to the identifica-
tion of several transcription factors such as maf-1, maf-2
(Yoshida et al., 1997), and AP2a (Ohtaka-Maruyama et al.,
998) that are differentially expressed in the epithelia and
ber compartments of the lens. Constitutive binding of
RF-1 to the ISRE element in lens nuclear extracts of
ewborn mouse lenses provides the first evidence that
RF-1 may regulate gene transcription in the lens. It would
e of interest to know whether other endogenous ISRE-
inding factors regulate gene transcription in the epithelia
where they might regulate cell proliferation) or in lens
bers (where they would more likely to be involved in cell
ifferentiation). The predominant expression of IRF-1 and
RF-2 in lens fibers and detection of ICSBP in anterior
pithelial cells of the TR mouse lens suggest that the
istribution of IRFs may be spatially regulated in the mouse
ens. It would therefore be of interest to examine genes
xpressed in the lens that contain ISRE elements in their
romoters and determine whether they are regulated by
CSBP, IRF-1, or IRF-2.
Recent characterization of the mouse MIP gene promoter
evealed the presence of a GAS element proximal to an ISRE
ite (Chepelinsky et al., unpublished data). It is interesting
hat in the IFNg TR mouse lens with perturbed expression
of IRFs, expression of the gene coding for the lens fiber-
specific MIP protein is completely repressed (Egwuagu et
al., 1994b). Studies in progress will allow us to determine
whether transcription of the MIP gene is regulated by
transcription factors of the IRF family. It is also interesting
to note that several extracellular signaling molecules (EGF,
PDGF, c-fos, and retinoic acid) that have been implicated in
lens differentiation utilize the JAK/STAT signaling path-
way. In view of the fact that IRFs are key players in this
important biochemical pathway, it is important to investi-
gate gene regulatory elements and transcription factors that
interact with IRFs in the lens and examine their roles in
activation or repression of genes expressed during lens
differentiation.
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